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Purpose of review  
Hematopoietic cell transplantation (HCT) is a successful treatment modality for patients with 
malignant and non-malignant disorders, usually when no other treatment option is available. The cells 
supporting long-term reconstitution after HCT are the hematopoietic stem cells (HSCs), which can be 
limited in numbers. Moreover, finding an appropriate HLA-matched donor can be problematic. If 
HSCs can be stably produced in large numbers from autologous or allogeneic cell sources, it would 
benefit HCT. Induced pluripotent stem cells (iPSCs) established from patients' own somatic cells can 
be differentiated into hematopoietic cells in vitro. This review will highlight recent methods for 
regulating human (h) iPSC production of HSCs and more mature blood cells.  
Recent findings 
Advancements in transcription factor (TF)-mediated regulation of the developmental stages of in vivo 
hematopoietic lineage commitment have begun to provide an understanding of the molecular 
mechanism of hematopoiesis. Such studies involve not only directed differentiation in which TFs, 
specifically expressed in hematopoietic lineage-specific cells are over-expressed in iPSCs, but also 
direct conversion in which TFs are introduced into patient-derived somatic cells which are 
dedifferentiated to hematopoietic cells. Since iPSCs derived from patients suffering from genetically 
mutated diseases would express the same mutated genetic information, CRISPR-Cas9 gene editing 
has been utilized to differentiate genetically corrected iPSCs into normal hematopoietic cells. 
Summary 
IPSCs provide a model for molecular understanding of disease, and also may function as a cell 
population for therapy. Efficient differentiation of patient-specific iPSCs into HSCs and progenitor 
cells is a potential means to overcome limitations of such cells for HCT, as well as for providing in 
vitro drug screening templates as tissue-on-a-chip models. 
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There are three main sources of transplantable cells for HCT: bone marrow (BM), mobilized 
peripheral blood, and umbilical cord blood (CB) [1, 2], but it can be very difficult finding an 
appropriate donor, and numbers of HSCs isolated from these sources could be limited, such as for CB 
HCT [3, 4■]. Various ways to expand HSCs ex vivo have been evaluated, but there are limitations to 
these efforts [5, 6]. To develop a patient-specific cell therapeutic agent, investigators have been 
evaluating pluripotent stem cells (PSCs; especially reprogrammed iPSCs) [7] and their capacity to 
differentiate into HSCs/hematopoietic progenitor cells (HPCs) [3]. We highlight recent approaches to 
achieve functional HSCs and other hematopoietic cells from PSCs, ranging from ectopic expression 
of transcription factors, to use of gene editing technology for correcting mutated genes in PSCs 
(Figure 1).  
 
Human embryonic (ESCs) and iPSCs. hESCs were established from the inner cell mass of the 
human embryo [8]. Since these cells can undergo differentiation into most cell types in the body, they 
have been explored for cell-based therapy. However, ethical controversies of using embryos have in 
part prevented our realizing the full potential of these cells for clinical use. A breakthrough 
overcoming some ethical concerns of utilizing hESCs has been discovery of iPSCs [7]. By 
introducing four reprogramming genes (Oct4, Sox2, Klf4, and c-Myc) into mature somatic cells, a new 
type of PSCs was established. To establish clinically applicable iPSCs, reprogramming efficiency has 
been increased [9■, 10], a non-genome integrating gene delivery system has been devised [11], and 
efforts have been made to differentiate these cells into tissue-specific transplantable cells. As an 
example, iPSC-derived retinal pigment epithelium cell sheets generated from autologous fibroblasts 
were successfully transplanted into patients suffering from age-related macular degeneration [12].  
However, generating functional HSCs with high engraftment efficiency remains an ongoing target, the 
promise of which is suggested by the following interesting studies. 
 Direct differentiation of hematopoietic cells from hPSCs using ectopic expression of TFs. 
Hematopoietic lineage differentiation of hiPSCs has been most commonly carried out by two 
conventional methods: 1) a two-dimensional differentiation protocol utilizing co-culture of PSCs with 
stromal cells [13, 14], or 2) embryoid body (EB)–mediated three-dimensional differentiation [15]. 
CD34+ hematopoietic precursor cells expressing hematopoietic transcription factors were derived 
from iPSCs using a co-culture method in the presence of either primary human BM-derived stromal 
cells or an assortment of stromal cell lines, including OP9, OP9-DL4, M2-10B4, and FH-B-hTERT 
[16-18]. As an alternative to this approach, EB–mediated hematopoietic lineage differentiation of 
hPSCs was developed [15, 19]. The first such studies incorporated a mixture of defined cytokines and 
Fetal Bovine Serum. The most widely used differentiation methods of hPSCs into hematopoietic cells 
have involved addition of cytokines or induction of spontaneous differentiation during EB formation 
[20]. To achieve higher differentiation efficiency, there is a need for identifying specific intrinsic 
signals that regulate production of hematopoietic cells in vitro. To generate more HSCs/HPCs from 
hPSCs, unlike classic differentiation methods (co-culture and EB formation), hematopoietic cells 
derived were during in vivo teratoma formation [21, 22]. Human PSCs were transplanted into 
immunodeficient mice to form teratomas (typically comprising three germ layer derivatives, including 
endodermal and neuronal lineage cells) from which CD34+CD45+ cells were isolated, suggesting that 
in vivo microenvironmental cues are important for directed differentiation and development of 
immature blood cells [4]. It is unclear if such derived cells would be a viable option for clinical use. 
Enhancing directed differentiation by ectopic expression of a single TF. Direct differentiation by 
introducing ectopic expression of TFs represents an alternative strategy over classical differentiation 
methods. This approach involving candidate TFs such as TAL1 (SCL), RUNX1, SOX17, and HOXB4 
as key regulators of mesodermal and HSC developments from hPSCs has been recently introduced to 
control stem cell fate determination [23-27, 28■■].  
 
TAL1 (T cell acute lymphocytic leukemia 1), also known as SCL (stem cell leukemia), is a transcript 
in the emerging hemangioblast during hESC hematopoietic differentiation [23, 29]. Since TAL1-
overexpressing hESC-derived EBs was used to accelerate formation of erythro-megakaryocytic 
progenitors [29], TAL1 has been shown to support an hematopoietic program in hPSCs. 
Overexpression of TAL1 in hPSC enhanced emergence of megakaryocytic precursors, mature 
megakaryocytes, and platelets in vitro [30■], however these cells failed to engraft in vivo [30].  
RUNX1 (Runt-related transcription factor) is a key TF regulating differentiation of hematopoietic 
stem cell into mature blood cells [31]. Overexpression of RUNX1A in hESC-/ hiPSC-derived EBs 
significantly enhances hematopoietic differentiation and accelerates generation of hemato-endothelial 
cells [25]. RUNX1 controls lineage specification of hPSCs into mesoderm and specifically enhances 
hemogenic differentiation as well as production of definitive HSCs. However, ectopic RUNX1 
expression may entail risk of mediating transformation of hPSC-derived cells, since it is known to 
contribute to leukaemogenesis [32].         
Two types of inducible fusion proteins have been developed, including HOXB4-ERT2 and KLF1-ERT2 
that can be induced at a defined time point during differentiation of hPSC to red blood cells (RBCs) 
[33■, 34■]. Activation of HOXB4 increases progenitor cell (CD43+/CD34+) populations and 
proportions of immature CD235a+/CD71+ erythroid cells from hPSC [33]. HOXB4 activity promotes 
generation of embryonic (ε)/fetal (γ) globins rather than more mature adult () globin, a definitive 
phenotype, suggesting that HOXB4 induces production of progenitors. But, it does not overcome the 
transitioning barrier for production of enucleated red blood cells. Activation of KLF1 at day 10 of 
differentiation of hiPSCs enhanced erythroid commitment and differentiation. Extended in vitro 
culture resulted in generation of more enucleated cells, but not expression of adult ()globin [34■]. 
Thus, HOXB4 or KLF1 plays important roles in hematopoietic development, but there are still 
limitations to producing mature RBC from hPSC.  
 
Enhancing directed differentiation using ectopic expression of multiple TFs. Overexpression of a 
single TF alone in hPSCs is not enough to yield hematopoietic cells that engraft in vivo. Concomitant 
ectopic expression of multiple TFs has been employed to overcome this barrier [24, 26]. The most 
noticeable findings suggest that HOXA9, ERG, and RORA confer self-renewal capacity of myeloid 
precursor cells in vitro, and addition of SOX4 and MYB to these TFs confers short-term engraftment 
of myeloid and erythroid lineages in vivo [24]. GATA2 and ETV2 promoted pan myeloid 
differentiation, whereas GATA2 and TAL1 enhanced erythro-megakaryocytic differentiation from 
hPSCs [26].  
Large-scale production of megakaryocytes and platelets from PSCs has been achieved by 
simultaneously overexpressing GATA1, FLI1, and TAL1 during early stages of differentiation in 
chemically defined conditions [35]. Functional platelets were generated throughout the culture, 
allowing prospective collection of several transfusion units from as few as 1 million starting hPSCs. It 
remains to be determined how closely these three TFs recapitulate normal hematopoietic development 
from hPSCs.  
Ectopic overexpression of TFs in hiPSCs is a relatively quick and efficient tool for induction of HSCs 
hematopoietic cells, and this system can be used for identifying specific TFs that are required for 
endothelial and hematopoietic specification. However, current protocols have limited utility for 
studies of extracellular signaling involved in hematopoietic development, as it uses TFs to bypass 
surface receptor-mediated signaling. If we are to produce HSCs in vitro with the capacity for 
efficacious engrafting short- and long-term, we must understand the exact orchestration of both 
intrinsic and extrinsic signals which mimic the complex environment of the human embryo. 
Understanding TF programming is in its infancy. We are still a ways from achieving large-scale 
production of engraftable HSCs and functional mature blood cells that can be used safely in the clinic 
[28].  
  
Direct conversion of somatic cells into hematopoietic cells. Direct conversion methods that introduce 
lineage-restricted transcription factors into somatic cells and induce them into tissue-specific cells has 
generated attention [36-38]. This method bypasses intermediate stages where cells acquire 
pluripotency; these directly induced cells are not able to form teratomas. Attempts have been made to 
directly induce hematopoietic cell production by overexpressing early developmental hematopoietic 
associated TFs along with TFs controlling cell fate in somatic cells.  
Studies succeeded in directly converting human fibroblasts into immature blood cells by 
overexpressing the transcription factor, OCT4 [39]. Although succeeding in directly converting 
fibroblasts into cells capable of differentiating into granulocytic, erythrocytic, monocytic and 
megakaryotic colonies, they had limited in self-renewal potential, hematopoietic reconstitution, and 
differentiation capacity into lymphoid cells. Some have used a parallel strategy [40-43]. Over-
expression of GATA1, TAL1, LMO2, and c-MYC (GTLM) genes in mouse / human fibroblast cells 
de-differentiated them into primitive erythroid progenitors [42■■]. An induced erythroid progenitor 
was established with an adult-type globin expression pattern by additionally overexpressing KLF1 
and MYB with GTLM [42]. GATA2 and RUNX1 were used with GTLM gene to produce 
megakaryocytes and platelets cells from patients with Fanconi anemia [43■■]. These studies [42, 43] 
exemplify how direct conversion is emerging as a promising tool to generate blood cells in vitro. 
Efforts are needed to obtain therapeutic-scale production and to design other gene introduction 
methods, possibly using non-viral systems. Although direct conversion methods may not have a high 
risk of producing cells that form teratomas, mechanisms of direct conversion have not been clarified 
yet, and there is a possibility of mutation due to the introduced gene; safety validations are required 
for their clinical application. 
 
Improving Hematopoietic Differentiation of iPSCs by CRISPR/Cas9. Since development of the 
CRISPR-Cas9 gene editing system [44], this technology evaluated for its potential to treat various 
genetic diseases [45■]. A number of groups have successfully applied CRISPR-Cas9 technology to 
correct -thalassemia mutations in patient-derived iPSCs [46-49]. A disease-causing mutation in the 
-globin gene (HBB) was corrected using CRISPR-Cas9 in iPSCs derived from a -thablassemia 
patient with minimal off-target effects [48]. HBB mutations in the patient-derived iPSCs were 
completely corrected, with increased production of HPCs. In another study, mutations of CD41/42 (-
CTTT) in iPSCs from a -thalassemia patient were successfully corrected using a combination of 
single-strand oligodeoxynucleotides with CRISPR/Cas9 [45, 49]. The corrected iPSCs were selected 
for erythroblast differentiation and manifested restored expression of HBB protein. Sickle cell disease, 
which has a homozygous missense point mutation in the HBB gene encoding adult -globin protein, 
is a severe incurable chronic anemia. HBB 20 bp downstream to the beta mutation was corrected in 
human iPSCs using CRSPR/Cas9, with the 16-kDa -globin protein expressed from the corrected 
HBB allele in erythrocytes that were differentiated from the genome-edited iPSCs [46■].  
Hemophilia, which affects about 400,000 people worldwide, is a hemorrhagic disease caused by a 
lack of protein that hardens blood due to a genetic mutation. The inverted FVIII gene in hemophilia 
patient-derived iPSCs was corrected using CRISPR/Cas9, without detectable off-target mutations in 
other genome locations. The corrected cells were then induced to differentiate into vascular 
endothelial cells, producing blood coagulation factors. These cells were transplanted into hemophilia 
mice, with symptom improvement [47■].  
The CRISPR/Cas9 system for precise genome editing may be a useful tool for removing and 
correcting genes or mutations involved in inherited hematological disorders. However, before use of 
CRISPR/Cas9-mediated gene correction in humans, appropriate delivery systems with higher 





Some believe that hiPSCs hold better promise than hESCs for clinical translation [52]. Human iPSCs 
may in the future help to generate larger numbers of histocompatible cells for HCT and other organ 
transplants, possibly as a customized cell therapeutic agent. We are not there yet, but if iPSCs 
established from patient somatic cells can be differentiated into functional somatic cells after 
correcting the mutant genes with CRISPR/Cas9 or other technologies, this would be a major health 
advance. This is especially of interest if hematopoietic differentiation of iPSCs and production of 
engrafting HSCs and HPCs, is successfully demonstrated by using a combination of intrinsic and 
extrinsic influences. Presently, transplantation of iPSC-derived hematopoietic cells is still limited to 
animal testing models. Low hematopoietic differentiation efficiency with low engrafting capability, 




- IPSC is a pluripotent stem cell that can differentiate into an autologous hematopoietic lineage-
specific cell. 
- IPSCs and somatic cells with introduced TFs associated with hematopoietic cells, can produce blood 
cells. 






Special thanks to STEMOPIA for continued support and CREKA for illustration. 
 
Financial support and sponsorship 
Dr. Lee’s studies are supported by the Basic Science Research Program through the National Research 
Foundation of Korea (NRF) funded by the Ministry of Education (2015R1A6A1A03032522), and 
work supported by the Soon Chun Hyang University Research Fund.  
 
Conflicts of Interest 




REFERENCES AND RECOMMENDED READING 
Papers of particular interest, published within the annual period of review, have been highlighted as: 
■ of special interest 
■■ of outstanding interest 
 
[1] Broxmeyer, H.E., Farag, S.S., and Rocha, V. 2016. Cord Blood Hematopoietic Cell 
Transplantation. In Thomas’ Hematopoietic Cell Transplantation. 5th Edition (Forman, S.J., 
Negrin, R.S., Antin, J.H., and Appelbaum, F.R., eds.). John Wiley & Sons, Ltd; Oxford, England. 
Chapter 39: pp.437-455.  
[2] Beyer J, Schwella N, Zingsem J et al. Hematopoietic rescue after high-dose chemotherapy using 
autologous peripheral-blood progenitor cells or bone marrow: a randomized comparison. Journal 
of clinical oncology : official journal of the American Society of Clinical Oncology 1995; 
13:1328-1335. 
[3] Vo LT, Daley GQ. De novo generation of HSCs from somatic and pluripotent stem cell sources. 
Blood 2015; 125:2641-2648. 
[4] Wahlster L, Daley GQ. Progress towards generation of human haematopoietic stem cells.  
■■ Nature cell biology 2016; 18:1111-1117. 
This is excellent review on de novo generation of HSCs from pluripotent stem cells.  
[5] Walasek MA, van Os R, de Haan G. Hematopoietic stem cell expansion: challenges and 
opportunities. Annals of the New York Academy of Sciences 2012; 1266:138-150. 
[6] Fares I, Chagraoui J, Gareau Y et al. Cord blood expansion. Pyrimidoindole derivatives are 
agonists of human hematopoietic stem cell self-renewal. Science (New York, N.Y.) 2014; 
345:1509-1512. 
[7] Takahashi K, Yamanaka S. Induction of pluripotent stem cells from mouse embryonic and adult 
fibroblast cultures by defined factors. Cell 2006; 126:663-676. 
[8] Thomson JA, Itskovitz-Eldor J, Shapiro SS et al. Embryonic stem cell lines derived from human 
blastocysts. Science (New York, N.Y.) 1998; 282:1145-1147. 
[9] Lee MR, Mantel C, Lee SA et al. MiR-31/SDHA Axis Regulates Reprogramming Efficiency      
■  through Mitochondrial Metabolism. Stem cell reports 2016; 7:1-10. 
This study demonstrates that transition of mitochondrial metabolism by microRNA is required for 
somatic cell reprogramming to generate fully reprogrammed iPSC. This serves as a stratagem to more 
efficiently generate fully reprogrammed iPSCs for potential therapeutic use.  
[10] Lee MR, Prasain N, Chae HD et al. Epigenetic regulation of NANOG by miR-302 cluster-MBD2 
completes induced pluripotent stem cell reprogramming. Stem cells (Dayton, Ohio) 2013; 
31:666-681. 
[11] Kime C, Rand TA, Ivey KN et al. Practical Integration-Free Episomal Methods for Generating 
Human Induced Pluripotent Stem Cells. Current protocols in human genetics 2015; 87:21.22.21-
21. 
[12] Reardon S, Cyranoski D. Japan stem-cell trial stirs envy. Nature 2014; 513:287-288. 
[13] Kaufman DS, Hanson ET, Lewis RL et al. Hematopoietic colony-forming cells derived from 
human embryonic stem cells. Proceedings of the National Academy of Sciences of the United 
States of America 2001; 98:10716-10721. 
[14] Vodyanik MA, Bork JA, Thomson JA, Slukvin, II. Human embryonic stem cell-derived CD34+ 
cells: efficient production in the coculture with OP9 stromal cells and analysis of 
lymphohematopoietic potential. Blood 2005; 105:617-626. 
[15] Ng ES, Davis RP, Azzola L et al. Forced aggregation of defined numbers of human embryonic 
stem cells into embryoid bodies fosters robust, reproducible hematopoietic differentiation. Blood 
2005; 106:1601-1603. 
[16] Tian X, Morris JK, Linehan JL, Kaufman DS. Cytokine requirements differ for stroma and 
embryoid body-mediated hematopoiesis from human embryonic stem cells. Experimental 
hematology 2004; 32:1000-1009. 
[17] Qiu C, Hanson E, Olivier E et al. Differentiation of human embryonic stem cells into 
hematopoietic cells by coculture with human fetal liver cells recapitulates the globin switch that 
occurs early in development. Experimental hematology 2005; 33:1450-1458. 
[18] Ferrell PI, Xi J, Ma C et al. The RUNX1 +24 enhancer and P1 promoter identify a unique 
subpopulation of hematopoietic progenitor cells derived from human pluripotent stem cells. 
Stem cells (Dayton, Ohio) 2015; 33:1130-1141. 
[19] Bauwens CL, Peerani R, Niebruegge S et al. Control of human embryonic stem cell colony and 
aggregate size heterogeneity influences differentiation trajectories. Stem cells (Dayton, Ohio) 
2008; 26:2300-2310. 
[20] Olivier EN, Qiu C, Velho M et al. Large-scale production of embryonic red blood cells from 
human embryonic stem cells. Experimental hematology 2006; 34:1635-1642. 
[21] Amabile G, Welner RS, Nombela-Arrieta C et al. In vivo generation of transplantable human 
hematopoietic cells from induced pluripotent stem cells. Blood 2013; 121:1255-1264. 
[22] Suzuki N, Yamazaki S, Yamaguchi T et al. Generation of engraftable hematopoietic stem cells 
from induced pluripotent stem cells by way of teratoma formation. Molecular therapy : the 
journal of the American Society of Gene Therapy 2013; 21:1424-1431. 
[23] Real PJ, Ligero G, Ayllon V et al. SCL/TAL1 regulates hematopoietic specification from human 
embryonic stem cells. Molecular therapy : the journal of the American Society of Gene Therapy 
2012; 20:1443-1453. 
[24] Doulatov S, Vo LT, Chou SS et al. Induction of multipotential hematopoietic progenitors from 
human pluripotent stem cells via respecification of lineage-restricted precursors. Cell stem cell 
2013; 13:459-470. 
[25] Ran D, Shia WJ, Lo MC et al. RUNX1a enhances hematopoietic lineage commitment from 
human embryonic stem cells and inducible pluripotent stem cells. Blood 2013; 121:2882-2890. 
[26] Elcheva I, Brok-Volchanskaya V, Kumar A et al. Direct induction of haematoendothelial 
programs in human pluripotent stem cells by transcriptional regulators. Nature communications 
2014; 5:4372. 
[27] Ebina W, Rossi DJ. Transcription factor-mediated reprogramming toward hematopoietic stem 
cells. The EMBO journal 2015; 34:694-709. 
[28] Easterbrook J, Fidanza A, Forrester LM. Concise review: programming human pluripotent stem 
■■  cells into blood. British journal of haematology 2016; 173:671-679. 
This is an excellent review on current issues regarding differentiation of hematopoietic cells from 
pluripotent stem cells.  
[29] Yung S, Ledran M, Moreno-Gimeno I et al. Large-scale transcriptional profiling and functional 
assays reveal important roles for Rho-GTPase signalling and SCL during haematopoietic 
differentiation of human embryonic stem cells. Human molecular genetics 2011; 20:4932-4946. 
[30] Toscano MG, Navarro-Montero O, Ayllon V et al. SCL/TAL1-mediated transcriptional network 
■  enhances megakaryocytic specification of human embryonic stem cells. Molecular therapy : the 
journal of the American Society of Gene Therapy 2015; 23:158-170.  
The study shows that SCL1/TAL1 forces human embryonic stem cells (hESCs) to switch to mature 
megakaryocytes and plateles. TAL1-overexpressed hESC generated megakaryocytic progenitors, but 
these cells failed to engraft in vivo. 
[31] Liakhovitskaia A, Rybtsov S, Smith T et al. Runx1 is required for progression of CD41+ 
embryonic precursors into HSCs but not prior to this. Development (Cambridge, England) 2014; 
141:3319-3323. 
[32] Real PJ, Navarro-Montero O, Ramos-Mejia V et al. The role of RUNX1 isoforms in 
hematopoietic commitment of human pluripotent stem cells. Blood 2013; 121:5250-5252. 
[33] Jackson M, Ma R, Taylor AH et al. Enforced Expression of HOXB4 in Human Embryonic Stem  
■ Cells Enhances the Production of Hematopoietic Progenitors but Has No Effect on the Maturation 
of Red Blood Cells. Stem cells translational medicine 2016; 5:981-990. 
The study shows that ectopic expression of HOXB4 produces hematopoietic and erythroid progenitors.  
[34] Yang CT, Ma R, Axton RA et al. Activation of KLF1 Enhances the Differentiation and          
■ Maturation of Red Blood Cells from Human Pluripotent Stem Cells. Stem cells (Dayton, Ohio) 
2016. 
This is first report that single transcription factor (KLF1) can induce red blood cells from pluripotent 
stem cells. 
[35] Moreau T, Evans AL, Vasquez L et al. Large-scale production of megakaryocytes from human 
■■ pluripotent stem cells by chemically defined forward programming. Nat Commun 2016; 7:11208. 
This paper shows that simultaneously oversexpression of GATA1, FLI1, and TAL1 induced 
generation of megakaryocytes and platelets during the early stages of hiPSC differentiation.  
[36] Ring KL, Tong LM, Balestra ME et al. Direct reprogramming of mouse and human fibroblasts 
into multipotent neural stem cells with a single factor. Cell stem cell 2012; 11:100-109. 
[37] Huang P, Zhang L, Gao Y et al. Direct reprogramming of human fibroblasts to functional and 
expandable hepatocytes. Cell stem cell 2014; 14:370-384. 
[38] Morris SA, Cahan P, Li H et al. Dissecting engineered cell types and enhancing cell fate 
conversion via CellNet. Cell 2014; 158:889-902. 
[39] Szabo E, Rampalli S, Risueno RM et al. Direct conversion of human fibroblasts to multilineage 
blood progenitors. Nature 2010; 468:521-526. 
[40] Pulecio J, Nivet E, Sancho-Martinez I et al. Conversion of human fibroblasts into monocyte-like 
progenitor cells. Stem cells (Dayton, Ohio) 2014; 32:2923-2938. 
[41] Sandler VM, Lis R, Liu Y et al. Reprogramming human endothelial cells to haematopoietic cells 
requires vascular induction. Nature 2014; 511:312-318. 
[42] Capellera-Garcia S, Pulecio J, Dhulipala K et al. Defining the Minimal Factors Required for    
■■  Erythropoiesis through Direct Lineage Conversion. Cell reports 2016; 15:2550-2562. 
This study demostrates that fibroblasts can be converted to erythroid progenitors by overexpressing 
GATA1, TAL1, LMO2, and cMYC. KLF1 or MYB overexression induces adult hemaglobin 
expression in erythrodid progenitors.  
[43] Pulecio J, Alejo-Valle O, Capellera-Garcia S et al. Direct Conversion of Fibroblasts to         
■■ Megakaryocyte Progenitors. Cell reports 2016; 17:671-683. 
This study shows that the fibroblasts from patients with Fanconi anemia can be converted to 
megakaryocyte progenitors and platelets using ectopic expression of six defined transcription factors 
(GATA1, TAL1, LMO2, cMYC, GATA2, and RUNX1). 
[44] Jinek M, Chylinski K, Fonfara I et al. A programmable dual-RNA-guided DNA endonuclease in 
adaptive bacterial immunity. Science (New York, N.Y.) 2012; 337:816-821. 
[45] Hu X. CRISPR/Cas9 system and its applications in human hematopoietic cells. Blood cells, 
molecules & diseases 2016; 62:6-12. 
[46] Huang X, Wang Y, Yan W et al. Production of Gene-Corrected Adult Beta Globin Protein in    
■  Human Erythrocytes Differentiated from Patient iPSCs After Genome Editing of the Sickle Point 
Mutation. Stem cells (Dayton, Ohio) 2015; 33:1470-1479. 
This study utilized a CRISPR/Cas9 system to edit the endogenous HBB locus in human iPSC 
generated from patients, which results in successing gene corretion.  
[47] Park CY, Kim DH, Son JS et al. Functional Correction of Large Factor VIII Gene Chromosomal 
■  Inversions in Hemophilia A Patient-Derived iPSCs Using CRISPR-Cas9. Cell stem cell 2015; 
17:213-220. 
Authors developed a CRISPR/Cas9 to correct inverted chromosomal regions associated with 
hemophilia in hemophilia patient-derived iPSCs and differentiated endothelial cell from corrected 
iPSC that rescured the hemophilia mouse.  
[48] Song B, Fan Y, He W et al. Improved hematopoietic differentiation efficiency of gene-corrected 
beta-thalassemia induced pluripotent stem cells by CRISPR/Cas9 system. Stem cells and 
development 2015; 24:1053-1065. 
[49] Niu X, He W, Song B et al. Combining Single Strand Oligodeoxynucleotides and CRISPR/Cas9 
to Correct Gene Mutations in beta-Thalassemia-induced Pluripotent Stem Cells. The Journal of 
biological chemistry 2016; 291:16576-16585. 
[50] Zhang H, McCarty N. CRISPR-Cas9 technology and its application in haematological disorders. 
British journal of haematology 2016; 175:208-225. 
[51] Liang P, Xu Y, Zhang X et al. CRISPR/Cas9-mediated gene editing in human tripronuclear 
zygotes. Protein & cell 2015; 6:363-372. 
[52] Esposito MT. Hematopoietic stem cells meet induced pluripotent stem cells technology. 




Figure 1. Schematic representation of the generation of hematopoietic cells from hiPSC using ectopic 
gene expression of TFs. Differentiation from hPSC or direct conversion from somatic cells rely on 
specific TFs to force cell fate switches. Mutations in patient derived iPSCs can be corrected using 
CRISPR/Cas9 technology to generate functional hematopoietic cells. iPSC; Induced pluripotent stem 
cells, HSC; hematopoietic stem cells, and TF; transcription factor 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
